The cardiopllcu1Ilogra1ll has been rcinvestigated as an index of stroke volume and cardiac output ill anaesthetized dogs. C'sing a (cater-filled oesophageal balloon to calihrate the system good correlatiol/s hm'e bccl/ fOlll/d betweel/ the 7'allles deril'ed from dye dillltioll alld the il/dices obtained from the cardiojJllcltmogram.
The volume of blood in the chest at any time in the cardiac cycle depends on the rates at which venous blood enters and arterial blood leaves. Any excess of arterial outflow over the venous inflow will result in a fall in the intrathoracic blood volume which can he indirectly measured as a fall in airway pressure when the thorax is converted into a closed compliant system by sealing the airway. These pressure fluctuations are cOl1lmonly observed in the reservoir bag during closed circuit anaesthesia, and their graphical representation has been termed the cardiopneumogram (CPG). Ceradini (18G9) was one of the first to attempt to quantify this phenomenon, and since his time many others have tried to calculate the extrathoracic portion of cardiac output from the cardiopneumogram. Hamilton (1 !l:W) , and Hamilton and Lombard (195:1) reviewed the status of the CPG and concluded that it was not possible to measure cardiac output by this means, owing to the complex nature of the effects of ventricular systole on \TnOUS return. This paper describes the results of reinwstigating the CPG in order to derive an index of cardiac output rather than an absolute measurement, in much the same way as thoracic impedance plethysmography may bOe used.
:\L\TERL\LS A::\D :'.IETHOIlS Four greyhound,' \\'eighing between :28 and :1;) kg were anaesthetized with intravenous morphine (:2 mg/kg) and chloralose mgikg) and paralysed with alcuronium (O·r, mg;kg). Tbey were intubated with a 10 Illm cuffed endotracheal tube and ventilated with air u:oing a Har\'ard animal ventilator, and "'E're in the supine position for all measurenH~nts.
.-\rterial and airway pressures were measured using San born :26811 pressure transducers and all \'ariables were recorded on Cl Hewlett-Packard 7700 chart recorder. The CPG was recorded by the following procedure. The ventilator was disconnected and the lungs allowed to return to functional residual capacity. The thorax was then converted into a closed system by attaching a 10 mill diameter plastic T-piece to the endotracheal tube, with one limb of the T connected to a pressure transducer and the other limb to Anaesthesia allll hltnlsil'!' Care, "o/. I', So. 1, February, Iflii an air-filled 50 ml syringe ( Figure 1 ). Several cycles of the CPG were then recorded, and a calibrating volume was added to the system to produce a stepwise change in the tracing (Figures 2, 3 and 4) . The calibrating volume was either 50 ml of air added via the T-piece, or 50 ml of water added to an oesophageal balloon previously placed at mid-thoracic level. this procedure. The period of apnoea required for a single determination of the CPG, including injection of the calibration volume, was not more than 10-15 sec. Either just before or after recording the CPG, cardiac output was determined by dye dilution. Al mg injectate of indocyanine green (Cardiogreen, H ynson, Westcott and Dunning) was used, injecting into the right atrium and sampling from the brachial artery. Blood was drawn through a Gilford cuvette densitometer and the dye curves recorded on a Texas Instruments recti/riter for subsequent calculation of cardiac output by the method of Kinsman, 1\Ioore and Hamilton (1929) .
In order to produce a range of values for cardiac output a variety of pharmacological and physiological interventions were performed. These included bilateral carotid artery occlusion, beta-adrenoreceptor blockade with propranolol (0·5 mg/kg), the addition of 1 % halothane to the inspired air, and the infusion of sodium nitroprusside.
METHOD OF CALCULATION
An index of the volume changes in the thorax with each cardiac cycle was obtained by averaging over several cycles the vertical distance of the peak to trough displacement of the CPG. This is shown as Dsv in Figures 2, 3 and 4. The addition of the calibration volume to the system produced an upward displacement of the tracing (shown as D 50 ), and this was used to derive an index of stroke volume (SVI) according to the relationship:
Knowing the heart rate (HR) an index of cardiac output (COl) was derived from:
1000 Using this method of calculation, each determination of the CPG was individually calibrated, allowing for any variation in thoracic compliance between measurements. It was assumed that there was a linear relationship between intrathoracic volume and pressure over the range of volumes involved. No correction was applied for the difference between the temperature of the air before and after injection. The results have been statistically evaluated using standard linear regression analysis (Armitage (1971 )).
RESULTS
Records of the CPG are shown in Figures 2, 3 and 4 ; these are all taken from dog D. At the onset of systole there is a rapid fall in intrathoracic pressure seen as a fast down stroke on the trace, probably coinciding with a fall in Anaesthesia and Intensive Care, Vo!. V, !I'o. 1, February, 1977 :38 ~1. J. BROWN intrathoracic blood volume. Before the end of systole, as timed from the dicrotic notch on the arterial pressure trace, there is the beginning of a recovery of pressure, which is rapid at first but becomes slower during diastole. The form of the wave during diastole tends to be variable. In early diastole, pressure rises but it may either rise or fall slightly in late diastole. The next cycle commences again with rapid reduction in intrathoracic pressure at the onset of systole. The pressures involved in the tracings of the CPG shown in Figures 2, 3 and 4 are of the order of 4-5 mm water. The calibration for the tracing is 10 mm water full scale deflection. When the CPG is measured in both conscious TABLE and anaesthetized man similarly small pressure fluctuations are seen (unpublished data). For each animal good correlations were found between stroke volumes determined from dye dilution and the index derived from the CPG. The results are summarized in Tables 1 and 2. In three dogs a good correlation (P=O·OO;' or less) was also found between cardiac output determined by dye dilution and the index of cardiac output derived from the CPG. In one dog (dog C) the correlation coefficient was only o '47, this was probably due to the close cluster of values obtained (from 3·76 to 4· 76 l/min). In this dog the correlation coefficient for stroke volume/index values was 0 ·81 (P=O ·005). Although equally good correlations were obtained when either air or water was used as the calibrating agent, in the latter case the indices were closer numerically to the values obtained from the dye dilution measurements, (Table 2 and Figure 5 ). In general, the injection of 50 ml of air into the closed system resulted in pressure changes which were only of the order of one-third those produced by the addition of 50 ml water to the oesophageal balloon.
DISCUSSION
The changes in air pressure which occur in the thorax with each cardiac cycle have been extensively studied over the years, partly in order to investigate the mechanical events of the heart cycle, and partly to quantitate the differences between the inflow and the outflow of blood with cardiac systole. The use and interpretation of the CPG were reviewed by Hamilton (1930) and Hamilton and Lombard (1953) , who decided from their measurements that the volume of blood in the thorax was not much different during either systole or diastole, believing that venous inflow into the thorax was largely occurring during ventricular systole. The use of the CPG as an estimate of differences between the rates of arterial outflow and venous inflow during the cardiac cycle relies to a large extent on the venous inflow being relatively even throughout the cycle. Considering that this is not the case, Hamilton (1962) mentions the measurements of venous flow described by Brecher (1956) . However, figures 33 and 34 in the monograph by Brecher (1956) clearly show a marked diminution of cardiac pulsation between the intrathoracic and intraabdominal sections of the inferior vena cava, which would be consistent with different flow patterns across the diaphragm. Although Brecher did demonstrate that atrial inflow was increased early in ventricular systole, this was flow at the junction of the superior vena cava and the right atrium. He considered that the increase in vena cava-atrial flow which was associated with ventricular systole was largely met by changes in the cross sectional area of the venae cavae and not by rapid alterations in the actual volume of blood in the thorax (Brecher 1956, p. 113) . The findings presented in this paper are consistent with this concept that thoracic venous inflow is sufficiently even to allow significant airway pressure changes to be recorded as outflow and inflow differ during the cycle. Blair and Wedd (1939) did not share the views of Hamilton (1962) and were able to demonstrate fluctuations in airway pressure in man from which they concluded that there was between 20-40 ml difference in intrathoracic volume at different stages of the cardiac cycle. These volumes are considerably less than normal ventricular ejection volume.;, and these authors rlid not infer that cardiac output could be estimated from them. In part the lack of succcss of both groups of workers to demonstrate larger volume change~ during cardiac activity may be due to the methods which they used to calibrate their systems. The traditional method was that de~cribed by \Yiedemann (19HI) in which air-containing jar of known volume was added via a side arm to the closed thoracic svstem and the effects of this increase in volume oOn the (PG measured. In addition to this method both groups also used a method of calibration similar to the air calibration de~cribed in this paper. Blair and \Yedd (HJ39) added air from a 2-.1 ml bulb to provide a calibrating volume, and Hamilton used a system in which a pump was employed to generate a fluctuating pressure with air in a balloon which had lWfl1 inserted into the pleural cavity. Both groups appear to have a~sumed that the addition to or the rell10val froll1 the thorax of a given volume of hlood mlUld result in the same change in pressure as the adriitioll or remo\'al of all equal volume of air. The results described in thi,' paper clearly indicate that this is not so. Although tl1(' pres,'ure changes associated "'ith the CPCT are small, similarlv small changes are produced bv the addition o'f 50 ml of water to an oesophageal balloon, this water being incompressible and confined to the thorax. It is therefore reasonable to as!'ume that a similar volume of blood would produce a similarly small change in pressure, and this assumption has formed the basis of the method used to obtain the index described in this paper.
The results indicate that the CPC; provides an acceptable index of changes in stroke volume and cardiac output under the circumstanccs of these experiments; that i~, over a rea~onably wide physiological range and within an incliyidual. Chang('~ in the cluration of ~ystol(' and contractility wllich would be expected to be produced b)' a combination of beta-receptor blockade and halothane at one end of a range, and by bilateral carotid occlusion at the other, do n()t appear to alter lineararitv of the relationship bctwem (PC and cardiac output (Figure 3 ). This is consistent with the C PG being a measurc of volume changes and not directly related to changes in contractility or ejection rates, and is further supported by the observations that, in general, the (PG stroke volume index tended to be reduced in magnitude as heart rate increased, The slope of the regression line shown in Figure 3 and the position of the intercept arc consistent with the (PG in this dog being an index of the extra-thoracic portion of cardiac output.
COXCLCSIOXS
The use of the cardiopneumogram to derive an empirical index of both stroke volume and cardiac output in the intubated anaesthetized subject appears to be a satisfactory technique in the experimental animal model over a relativelv wide range of values and under the effects 'of differmt pharmacological agents. The calibration of the system with a waterfilled oesophageal balloon provides result" which are quantitatiwly close to the variable being estimated, The technique is simple and safe, requires a minimulll of in\'a~ion and equipment and can be rapidly and easily repeated,
